INTRODUCTION
It is well recognized that the interaction of a peptide hormone with its receptors on the surface of a cell and the initiation of signal transduction is one of the most important steps in its mechanism of action. There has been a great amount of data describing the kinetics of the hormone-receptor interaction as well as the activation of second messenger formation (Cuatrecasas & Hollenberg, 1976;  Minton, 1981; Cuatrecasas, 1982;  Sibley, Benovic, Caron & Lefkowitz, 1988) . There remain, however, several important questions regarding the mechanism of peptide hormone action.
The concept of 'compartmentalization' has been utilized to explain some inconsistencies in second messenger action (Greengard, 1978) . One example is the fact that resting intracellular cyclic AMP (cAMP) concentrations are higher than the mea¬ surable association constant of cAMP-dependent protein kinase, which is, nevertheless, not fully activated under these conditions (Rubin & Rosen, 1975) . Is the cAMP-dependent protein kinase compartmentalized or 'protected' from resting cAMP levels and thus responds only to de-novo synthesis of cAMP localized to the vicinity of the receptor-activated cyclase? Another example is the observation that certain responses generated by cAMP are much more efficient when the messenger is produced through receptor activation, suggesting a compartmentalization between the site of cAMP production and the cAMP-dependent kinase system (Richards & Midgley, 1976; Podesta, Milani, Ste¬ phen & Neher, 1979; Stephen & Neher, 1980; Podesta, Solano & Sanchez, 1986) . Unfortunately, direct evidence for such limitations has been scarce. It is thus important to determine whether specific hormone receptors, adenylate cy¬ clases, phosphodiesterases and cAMP-dependent protein kinases are closely associated so that their interactions are limited or compartmentalized (Podesta, Solano & Lemos, 1989) .
In this paper we have utilized the MA-10 Leydig tumour cell line in culture (Ascoli, 1985) , which can be activated by either ovine luteinizing hormone (oLH) or 8-bromo-cAMP . Using single cells and limiting stimulation to a 'patch' of membrane has made it possible to understand how one form of signal transduction proceeds, i.e. the mechanism by which neurotransmitter-occupied receptors leads to the gating of individual ion channels (for review see Siegelbaum & Tsien, 1983) . A similar approach is used here to try to understand another form of membrane signal transduction at the level of the single cell: the mechanism of peptide hormone action. We have taken advantage of the patch-clamp technique to stimulate a Leydig cell in a defined portion of its plasma membrane and to determine whether its response is likewise localized (Podesta et al. 1989) . LH can interact only with a limited number of its receptors, since the tight seal prevents leakage of the peptide in or out of the patch (Neher, Sakmann & Steinbach, 1978) , and different recording configurations (Hamill, Marty, Neher et al. 1981) were utilized to analyse the steps involved in hormone action. The response of the Leydig cells was observed by a phenomenom already described for LH, human chorionic gonadotrophin (hCG) and other hormones: the alteration in cell shape called 'rounding up'. Changes in cell shape and size due to gonadotrophin stimulation have been described both in vivo and in vitro (Amsterdam, Knecht & Catt, 1981) . After treatment with gonadotrophin or cyclic nucleotide the cells became highly aggregated and 'rounded up' with increased numbers of microvilli on the cell surface (Amsterdam & Rotmensch, 1987) . Microvilli are rich in thin filaments (actin), and accumulation of microfilaments and microtubules beneath aggregates of receptor-bound gonado¬ trophin has been demonstrated (Amsterdam & Rotmensch, 1987 (Ascoli, 1985) . They have the capacity to convert cholesterol into steroid hormones and to respond to LH and/or hCG with an increase in steroid biosynthesis and subsequent release. The major steroid produced and subsequently secreted is progesterone (Ascoli, 1985) . LH (Sakmann & Neher, 1982) localized responses (Fig. 2d) Figure 4a shows a single cell under control condi¬ tions, exhibiting a flattened appearance and being almost devoid of microvilli on its surface. In contrast, after perfusion with a low concentration of oLH (2 ng/ml), a completely round shape with numerous microvilli on the cell surface was observed (Fig. 46) . Limited stimulation of a cell by puffing with oLH (20 ng/ml) produced numerous microvilli in the area of stimulation, associated with partial rounding up in which the flattened appearance was less pronounced (Fig. 4c) . This is in agreement with the observation in cultured granulosa cells that treatment with gonadotrophin or cAMP produced rounded-up cells with numerous microvilli on their surface (Amsterdam & Rotmensch, 1987 Fig. 5 and Table 2 ). Figure 5a shows a cell prior to patching, and Fig. 5b (Fig. 5b and c) . The morphological changes were maintained after the loss of the seal and removal of the stimulating electrode (Table 2) .
Morphological response to second messenger
The membrane of a different MA-10 cell was patched using an electrode (R= 10 MQ) containing 10 pM 8-Br-cAMP. Figure 6a shows the central cell prior to the formation of a patch, and Fig. bb is the same cell 5 min after application of the electrode containing 8-Br-cAMP. After 20 min a total round¬ ing up of this cell occurred (Fig. 6c) as a result of this cell-attached patch. Surprisingly, some of the con¬ nected cells (particularly to the left of the patched cell) were also stimulated. Unlike patches formed with oLH (see Table 2 ), those formed with the cAMP derivative in the electrode did not lead to localized responses (m=3). In fact, the generalized response could be observed in other cells (see Fig. 6c broken electrode, containing either oLH (Fig. 3) or the cAMP analogue, gave a general response similar to that observed with bath application (see Table 1 ).
Kinetics of the morphological response To determine whether the tight GQ seal physically limited the response, the seal was broken at various times after cell-attached patch formation (Table 2 and Fig. 5è ). The morphological responses were dependent upon concentration (Table 1) and on the time of exposure (Table 2) . Surprisingly, the responses remained localized for oLH (Fig. 5c) (Ascoli, 1985 Fig. 3c ) and that the rest of the cell is less flattened. Scale bar =10 (im for each micrograph. (Fig. 3) . In contrast, this kind of stimu¬ lation did not elicit rounding up in any of the controls studied (Fig. 1) (compare Figs 2c, 26, 3b and 5b) also suggests that they are equivalent. In contrast, when the stimulation was accomplished using 8-Br-cAMP in the patch electrode, a generalized response was produced in the entire cell (Fig. 6c) . Furthermore, this response appeared to be transmitted to neighbouring cells (Fig. 6c) , probably via intercellu¬ lar connections or gap junctions (Gilula, Reeves & Steinbach, 1972) . Leakage of the cAMP derivative through the cell membrane could not account for the response in other cells, since substantial dilution (at least 1:10) would have occurred. The concentration in the pipette (e.g. in Fig. 6 ) was 10 pM, and much higher concentrations ( > 30 pM) were necessary to elicit rounding up when it was applied generally to the bathing medium or puffed onto the cells (Table 1) . It must be pointed out that we used 8-Br-cAMP in the patch electrodes, which has a greater capacity to pass through membranes than does cAMP. Never¬ theless, Fletcher & Greenan (1985) have demonstrated a similar effect via the production of endogenous cAMP.
The kinetics of the cellular response to hormone was observable in terms of the time (Table 2) , dose ( (Table 2 ). This is in accordance with the fact that the peptide hormone must first interact with its membrane-bound receptor in order to elicit the response.
The differences between application of hormone and second messenger were not due simply to the utilization of sub-threshold concentrations of hor¬ mone. We were careful to use saturating concentra¬ tions (> 20 ng/ml) of oLH when stimulating via a patch. Such concentrations (20-100 ng/ml) of oLH maximally stimulate adenylate cyclase, and therefore the production of cAMP, in these cells (Ascoli, 1985) . In fact, up to 200 ng oLH/ml still gave localized responses when applied to a patch on these Leydig cells (Table 2) . Furthermore, the converse situation also indicates that the compartmentalized effect was not due simply to sub-threshold produc¬ tion of the second messenger, since lower concentra¬ tions ( < 1 pM) of 8-Br-cAMP did not produce a local (or, indeed, any) response, as would be expected if the area of the response was simply dependent upon concentration (Table 1) .
Localized stimulation of the plasma membrane may also produce localized secretion. An extracellu¬ lar bubble could be visualized because of the differential density between the secreted products and the incubation medium (see Figs 3 and 5) . The possibility that this could be simply a result of mechanical artifact due to touching the cell can be ruled out since bath application (see Fig. 2 (Neill & Frawley, 1983) . In this case it is possible to observe the end point of hormone secretion, at the single cell level, in parallel with the effect of LH on the morphology of the cell.
It appears that each individual cell responds to peptide stimulation gradually in a dose-and timedependent manner (Tables 1 and 2 ) and, perhaps, at multiple local areas (Figs 2 and 3 Fig. 2b, c and d) . LH receptors desensitize rapidly and local application might, therefore, lead to a local response due to turn off of the signalling mechanism. In the MA-10 tumour Leydig cells, however, desensitization as a result of exposure to hCG (40 ng/ml) is maximal after 24 h at 37°C , with a half-maximal decrease observed at 2 h (Freeman & Ascoli, 1981) . Since desensitizaton will turn off the signal only after 24 h, it is unlikely that the observed localized response was due simply to the turn off of the signalling mechanism by desensitization.
In 
